Abstract Summary Significant increased hip fracture incidence has been reported in the year following total knee replacement. This study demonstrates that bone and muscle loss is a postsurgical consequence of total knee replacement, alongside poor outcomes in function and activity potentially contributing to reduced quality of life and increased hip fracture risk. Introduction A significant increase in hip fracture incidence in the year following total knee replacement (TKR) surgery has been reported. This study investigated function and activity following TKR and the effects of limited mobility on bone and muscle loss and their potential contribution to hip fracture risk. Methods Changes in dual-energy X-ray absorptiometry (DXA) (GE Lunar Prodigy, Bedford MA), bone mineral density (BMD) at the neck of femur (NOF), total hip region (TH) and lumbar spine were measured alongside leg lean tissue mass (LLTM) in post-menopausal Caucasian females following TKR (N = 19) compared to controls (N = 43). Lumbar spine trabecular bone scores (TBSs) were calculated. Ipsilateral/contralateral weight bearing, lower limb function, 3-day pedometer readings, pain levels and falls were also recorded. Measurements were obtained at pre-surgery baseline and at 6 weeks, 6 months and 12 months post-surgery.
Introduction
Disuse osteopenia, characterised by loss of bone mineral density (BMD) and micro-architectural changes to bone, is a known consequence of reduced weight bearing and has been demonstrated at the hip following immobilisation due to leg injury or fracture [1] . Knee osteoarthritis (OA) commonly necessitates joint replacement with limited mobility and potential weight-bearing reduction for a variable period postsurgery. Clinical rehabilitation protocols following total knee replacement (TKR) surgery aim to remobilise patients as soon as possible, and it might be expected that rapid improvements in function and weight bearing would be demonstrated given the severely limited mobility of some patients prior to their surgery. Nevertheless, there is potential for a reduction in activity and weight bearing which may result in either ipsilateral or bilateral disuse osteopenia alongside altered leg muscle mass with concomitant increased hip fracture risk. Research has generally demonstrated a higher bone mass associated with OA, and therefore, the conditions of OA and osteoporosis (OP) have been assumed to be mutually exclusive [2, 3] . Further research indicates that the relationship between OA and OP is more complex, and occult OP has been demonstrated in 20-29 % of both men and women with OA, reflecting the normal distribution of OP in the general population [3] [4] [5] . Although higher BMD is part of the pathogenesis of OA, localised osteosclerosis in hip OA potentially disguises poorer quality of sclerotic bone and inferior fracture resistance. As higher BMD is generally associated with reduced fracture risk, it might also be expected that OA patients would demonstrate reduced fracture incidence. However, a number of studies indicate that this is not the case [6] [7] [8] [9] . The reasons for this may be in part attributable to functional impairments including reduced agility, reduced muscle strength, postural instability and heightened pain levels [6, 10] associated with OA that possibly contribute to an increased propensity for falls and greater severity of injuries. Recent studies have investigated post-TKR bone loss in Korean samples [11, 12] , but information in a Caucasian population is very limited. A study by Prieto-Alhambra et al. [13] showed that patients with knee OA, from the General Practice Research Database (UK), have a lower (but not statistically significant) hip fracture incidence than controls in the year preceding TKR but significantly increased hip fracture incidence in the year following surgery (risk ratio = 1.58; 95 % CI 1.14 to 2.19) that only returns to the same level as the control group 3 years post-operatively. These results were supported by a further study using the Dutch PHARMO Record Linkage System [14] . The authors discuss possible reasons for this phenomenon (propensity for falls, etc.), but the extent of disuse-related bone loss at the hip following TKR and its potential contribution to post-surgical hip fracture risk has not been fully assessed.
Although aging itself is not a cause of OA, the condition is strongly associated with advancing age, and as population longevity continues to increase globally, a commensurate increase in the incidence of OA and utilisation of knee joint surgery is probable in future decades [15] . Body mass index (BMI) has been shown to be strongly associated with severe knee OA [16] , and obesity is a factor that needs to be considered in TKR patients. Although the relationship between fracture risk and obesity is currently unclear and appears to be site dependent, past research has shown an association of obesity with higher rates of ankle and leg fracture in post-menopausal women [17] . Post-surgical bone loss may represent a particular problem for post-menopausal women, as this group lose bone systemically (at a particularly accelerated rate in the 2 years post-menopause) and may be potentially at greatest risk of not recovering bone lost following a period of reduced weight bearing. OA is also a common condition in this age group, frequently requiring TKR as the end-stage treatment for severe disease.
As the potential consequences of hip fractures are considerable for patients in terms of loss of function and mortality, avoidance of these is a very important goal. Post-surgical bone and muscle loss potentially plays an important contributory role in subsequent hip fracture incidence, and the primary aim of this study was to investigate changes in BMD and leg lean tissue mass (LLTM) at the hip resulting from reduced weight bearing following TKR alongside changing levels of function and activity associated with remobilisation that potentially inhibit recovery of bone loss in a Caucasian postmenopausal population compared to controls. The study also investigated baseline differences between TKR patients and controls in their history of lifestyle factors and medications known to influence bone health.
Methods Participants
The study utilised a prospective observational cohort design to investigate the short-and medium-term effects of reduced weight bearing following TKR in a post-menopausal sample of women over the age of 45 years. One hundred patients undergoing elective TKR surgery at the Royal Devon & Exeter Hospital were contacted by the consultant surgeon via direct mailing and discussion during their consultation. Thirty patients volunteered for the study of whom 28 met the inclusion criteria and completed the baseline visit. Attrition in the TKR group was mainly due to illness or delayed/cancelled surgery. One participant completed questionnaires but was unable to have scans due to immobility that prohibited safe manual handling to position them on the dualenergy X-ray absorptiometry (DXA) scanner. One TKR participant sustained a peri-prosthetic fracture following surgery, and a further TKR participant required a second knee replacement during the course of the study. Nineteen TKR participants completed all four visits (pre-surgery baseline and at 6 weeks, 6 months and 12 months post-surgery), and their data were used in the final analysis since complete datasets were available for this group. Forty-six age-matched control participants were also recruited by poster and leaflet campaign in the local area of whom 43 completed all four visits. The following exclusion criteria were applied to the control group: The exclusions were made on the basis of avoidable confounding factors known to have major effects on bone remodelling and quality or that may prohibit completion of the study. The minimum age of 45 years was selected for recruitment in this study; participants below this age having experienced early menopause were excluded, as they would not be representative of the typical clinical population undergoing knee replacement. Corticosteroid use has a complex dose relationship and influence on fracture risk independent of bone density, and it was considered appropriate to exclude participants with a history of use within 5 years above 2.5 mg for >3 months [18] . Previous immobilisation could have residual effects on BMD in the affected limb, and a hip prosthesis would prevent DXA measurement at that site. However, enforcement of these exclusion criteria in the TKR group would be unrepresentative of this group as bilateral OA in hip and knee joints (with consequent THR or TKR) is a common occurrence in these participants. It was considered important to keep the TKR group as close as possible to those seen in clinical practice to ensure that the results are generalisable to the clinical population. 
Measurement
Participants attended at baseline (visit 1) mean 22.5 days presurgery for TKR patients and at 6 weeks (visit 2), 6 months (visit 3) and 12 months post-surgery (visit 4). As no changes were anticipated in the short interval between baseline and 6 weeks for the control group or the lumbar spine in TKR participants, it was not considered ethically appropriate to test them at the 6-week visit.
At the baseline visit, participants completed the following:
& A questionnaire (designed for densitometry research at the University of Exeter) providing participants' medical and lifestyle history, including clinical risk factors for OP relating to bone health. & A visual pain scale (pain VAS) with possible scores ranging from 0 (no pain) to 100 (intolerable pain) and the Lower Extremity Functional Scale (LEFS) [19] with possible scores ranging from 0 to 80 where 0 indicates extreme difficulty in performing all assessed activities and 80 indicates full functionality in all domains.
Height was measured (±0.01 m) using a stadiometer (Seca, Germany). Total weight was measured (±0.1 kg) using weighing scales (Seca 877, Germany). Relative left/right weight bearing through the legs was measured using two sets of identically calibrated weighing scales (Seca 877, Germany) using the method described by Hopkins et al. [20] . All participants underwent DXA scans of the bilateral neck of femur (NOF) and total hip region (TH), lumbar spine and total body in accordance with the manufacturer's protocols.
Three-day pedometer readings, in the week following their visit, were provided by participants. TKR patients were asked to perform the baseline pedometer measurements immediately following surgery.
Baseline procedures (except the medical history/lifestyle questionnaire) were repeated at follow-up visits. Additional information regarding falls incidence was recorded.
Statistical analysis
Data were analysed using SPSS version 22. The characteristics of participants in the knee replacement and control groups were summarised using means and standard deviations for normally distributed variables, medians and interquartile ranges for skewed continuous variables and percentages for categorical variables. Differences at baseline were compared between the knee replacement and control groups using the two-sample t test for normally distributed variables, MannWhitney U test for skewed continuous variables and the chi-square Test for categorical variables. The change between baseline and follow-up visit was compared between the knee replacement and control groups using the two-sample (independent groups) t test. Change scores in the outcomes between baseline and follow-up were symmetrically distributed.
For the purposes of analysis, the left leg was designated as the ipsilateral side for the control group. Trabecular bone scores (TBSs) were calculated for the lumbar spine (TBS iNsight ® , v1.8. Med-Imaps, France). BMI was calculated as weight in kilogram per height in square metre.
Results
All participants were of Caucasian ethnicity. The TKR and control groups were similar at baseline in terms of lifestyle and medical history of factors that are known to have direct effects on bone health (Tables 1 and 2 ) differing only in the incidence of rheumatoid arthritis and OA which were, as expected, higher in the TKR group (p = 0.05 and p < 0.001, respectively). The TKR group had higher BMI at the start of the study compared to controls (mean (SD) 32.2 (7.1) versus 25.4 (3.2), p < 0.001). Thirty-two percent of the TKR participants presented at baseline with a previous TKR and 11 % with a previous contralateral total hip replacement. The TKR group had a median of two co-morbidities compared to one for the control group, indicating generally lower levels of fitness in the former. Table 3 summarises the use of medications known to impact on bone health, either positively or negatively, and again, the groups were similar although the TKR group has a statistically significant higher history of calcitonin use (p = 0.03). The most marked differences between groups at baseline are evident in their levels of function (Table 4) . Whilst mean weight bearing on the ipsilateral leg was almost 50 % for controls, the TKR group demonstrated mean ipsilateral weight bearing of 43.5 % prior to surgery. Large differences were seen between levels of function measured by LEFS which was indicative of the participants' ability to perform general daily activities. The control group median score of 76 was close to the maximum of 80, whereas the TKR group result was lower with a median score of 30 (p < 0.001). Activity in terms of pedometer readings of average steps per day showed a similar pattern with the controls achieving a median level of 9353, close to the 10,000 steps per day generally recommended for a healthy lifestyle [21] .
Readings, recorded for 3 days directly following surgery, were lower for the TKR participants with a median of 650 steps per day (p < 0.001). The TKR group reported high levels of pain at baseline (median score 50 out of 100) compared to zero for the control group; 56 % of the TKR group was taking painkillers at baseline.
No statistically significant differences were demonstrated between groups at baseline in lumbar spine BMD or bilaterally in LLTM or BMD at the NOF and TH. Age-related bone loss was anticipated, and for the control group, this was 0.89 % NOF and 0.32 % TH after 12 months at the left/ ipsilateral side (Tables 5 and 6 .). The TKR group demonstrated progressive losses of ipsilateral bone mass at the TH and NOF throughout the study that were significantly higher than for the control group at 6 months post-surgery (p = 0.004 and p = 0.04, respectively). Bilateral reduction in lean tissue mass was also observed in the TKR group that was significantly higher (p = 0.03 and p = 0.01 at 6 and 12 months, respectively) than for the controls on the contralateral side and was not restored to baseline values at the end of the study.
Discussion
The results show that the TKR participants had a protracted period of reduced exercise and activity prior to surgery, with lower levels of daily exercise compared to the control group. Given this functional impairment prior to surgery and the fact that patients are encouraged to remobilise quickly following their operation, it might be expected that TKR would afford a relatively rapid improvement in mobility and weight bearing. This study demonstrated that this is not the case, and despite consistent improvement for the TKR group throughout the study period, recovery in all areas of physical and functional parameters was slow and incomplete 1 year after surgery, remaining well below the controls at visit 4.
Following surgery, an immediate loss of ipsilateral bone mass at the TH and NOF was demonstrated which was not restored at 12 months. In addition, bilateral reduction in lean tissue mass was demonstrated that also remained 1 year after surgery. At the end of the study, mean bone loss at the ipsilateral NOF of 1.79 and 1.53 % TH was higher for the TKR group than the age-related losses demonstrated by the controls over the same period; these were 0.89 % NOF and 0.32 % TH. Age-related BMD loss at the NOF in a general population of post-menopausal women is reported as 1.0 % [22] and is comparable to the 1.32 % precision error reported for repeat DXA scans in normal BMI samples [23] . The results are consistent with the Kim et al. study [11] where a BMD loss of 2.14 % was demonstrated at the ipsilateral NOF 1 year after TKR surgery in a Korean sample of 48 patients (11 males, 37 females) with mean age 63 years. This suggests that the higher-than-expected losses at the NOF demonstrated by the TKR group post-surgery in the current study may potentially represent both a clinically meaningful change and be generalisable to a wider population. While the BMI of the group was in the obese range and increased precision errors have been reported in this population, the total hip is least affected by increased patient size. No significant changes occurred at the lumbar spine in either group. This study employed a recently developed software tool, Trabecular Bone Score, designed to evaluate bone microarchitecture at the lumbar spine from grey-level pixel variations in the raw DXA image data [24] . An interesting disparity was revealed between TBS and BMD measurements in the TKR group. Whilst TBS and lumbar spine BMD were broadly equivalent for the control group at baseline, TKR participants had higher mean L1-L4 BMD compared to controls but lower TBS, suggesting that the relatively high BMD associated with OA potentially disguises poorer bone quality reflected by bone structural parameters [25] . As increased BMD is generally associated with reduced fracture risk, it might also be expected that OA patients would demonstrate reduced fracture prevalence. A number of studies have not supported this [6] [7] [8] [9] . This may be attributable in part to a variety of functional impairments associated with OA including reduced agility, reduced muscle strength, postural instability and heightened pain levels [6] [7] [8] [9] that possibly contribute to increased propensity for falls and greater severity of injuries. Fall history was recorded throughout this study, but no significant differences were found between groups or between visits. Disuse-related bone loss at the hip following TKR may be a contributory factor to post-surgical hip fracture risk that has not been fully considered [26] . Post-surgical bisphosphonate use (BPU) has been associated with a 50-55 % hip fracture risk reduction in a TKR population [27] , and as BPU would be expected to alleviate the effects of disuse-related bone loss, this finding supports the above hypothesis. An additional 5.3 % of TKR participants were prescribed bisphosphonate treatment by the end of the study; therefore, results possibly underestimate the true extent of BMD reduction in TKR populations who do not routinely receive DXA assessment.
Lower muscle mass has implications for general function, mobility and risk of falls [6] [7] [8] [9] [10] that may further increase hip fracture risk. As the initial bilateral reduction in LLTM (a surrogate for muscle mass) was not restored at the end of the study in the TKR group and participants had lower muscle mass compared to the controls at visit 4, this may have an additional impact on their susceptibility to future hip fracture over and above any loss in hip BMD. The combination of reduced BMD and lean tissue mass is a factor that could potentially contribute to the increased incidence of hip fractures in the year following knee replacement reported by PrietoAlhambra et al. [13] and may merit further investigation.
Obesity in TKR patients is an additional factor that could influence fracture risk. The results demonstrated significantly higher mean BMI for the TKR group in the World Health Organization (WHO) obese category compared to controls with a mean in the low range of overweight [28] . As obesity has generally been associated with higher BMD, it has not been considered in the past as a risk factor for bone fracture; indeed, fat tissue has been thought to afford a protective function in cushioning against falls [17, 29] . However, the effects of obesity on bone are potentially complex as it is associated with altered hormone levels including higher serum concentrations of human parathyroid hormone (hPTH) and lower circulating 25-hydroxy-vitamin D, both of which influence bone maintenance and quality [30] . In terms of mechanical risk, applied loads during activity can create resultant forces many times greater than during normal stance and excessive stresses can be placed on bones, particularly during high-impact activities [31] . The adequacy of bones to support the greater loads to which they are subjected in obese people is becoming an area of increasing interest [29, 30] . Alignment of lower limb bones and joints can be substantially altered by increased soft tissue mass between the legs that compromises normal stance and gait [32] altering efficiency of load distribution throughout the leg. This may be further exacerbated by alterations in gait due to knee pain in OA sufferers with consequent instability and heightened risk for falling [33] .
As the TKR group had relatively high mean hip BMD at baseline, reductions in BMD may not represent a major increase in fracture risk for the average patient, as assessed by tools such as FRAX that use hip BMD as a predictor. However, the disparity between TBS and BMD at the lumbar spine suggests that high BMD in these participants may not reflect bone quality and structural integrity. An equivalent value of bone loss (g/cm 2 ) will represent a higher percentage loss for patients with pre-existing low hip BMD compared to those with higher BMD, and as an exponential relationship exists between BMD and hip fracture risk, the former may be potentially at substantially higher risk for hip fracture following post-surgical bone loss. Additionally, a correlation (r = 0.256) was found whereby participants with the lowest bone density at baseline lost more BMD (g/cm 2 ) than those with high BMD. Currently, there is no routine clinical pathway for DXA screening before surgery for TKRs, and this would be valuable to identify patients at the greatest risk for bone loss and to assess the need for treatment. BPU in TKR patients has also been shown to improve implant survival time after primary knee arthroplasty and to reduce revision rates; treatment may therefore confer an additional benefit to patients beyond fracture prevention [34] . Relative to the financial cost of TKR surgery and the potential costs of subsequent hip fracture, screening and appropriate treatment could be a valuable and cost-effective precaution.
The study had several limitations including the small sample size and potential sampling bias whereby participants reflected the socio-economic mix of a relatively affluent catchment area. There were a number of potential and unavoidable confounders reflecting the pathology under investigation, such as the presence of co-morbidities, previous TKR and treatments for low bone density prescribed during the study period. The known association of BMI with BMD may be a confounding factor, possibly accounting for some of the baseline BMD variation in the TKR group compared to the controls. As the study was primarily concerned with monitoring 'within-group' changes, no adjustment was made for BMI.
In conclusion, this study demonstrated that bone loss at the hip, accompanied by muscle loss, was a post-surgical consequence of TKR and that recovery was incomplete 1 year after surgery. For the majority of patients, these changes may only result in a minimal increase in hip fracture risk using hip BMD as a predictor. However, epidemiological evidence has demonstrated an increase in hip fracture incidence post-TKR that suggests, for some patients with pre-existing low bone density, that bone loss at the hip could potentially make a contribution to fracture incidence. In addition, a disparity between TBS and BMD at the lumbar spine suggests that the generally higher BMD typically observed in OA patients may not be reflected by better bone quality and structural integrity. As the number of patients undergoing TKR procedures increases globally, this may have a potential impact on hip fracture incidence and financial costs to health care providers, although caution should be used in drawing inferences from a relatively small and geographically limited sample. Research on a larger and more diverse sample would be valuable to further investigate these results and assess the generalisability of these findings.
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